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Abstract
Exposure to xenobiotic compounds, such as pesticides, is an emerging risk factor for Type II
diabetes mellitus (T2DM). However, whether metabolic disturbances are induced specifically by
xenobiotic compounds and the potential link to T2DM are presently unknown. To investigate
these potential disturbances in response to xenobiotic stress, the tricarboxylic acid (TCA) cycle
was analyzed given its central role in mitochondrial metabolism. To control for environmental
confounds potentially affecting metabolism, we proposed the two-spotted spider mite
(Tetranychus urticae) as a novel model organism to study xenobiotic specific metabolic
disturbances. Due to the mite’s ability to rapidly develop pesticide resistance, comparisons
between pesticide-adapted and pesticide-non-adapted mites allowed observations of metabolic
changes solely due to pesticide stress. Mite orthologs for the human TCA cycle enzymes were
first found through sequence alignment searches. Subsequently, spider mite transcriptomic and
metabolomic data were extracted from prior studies investigating mite responses to plant
xenobiotic compounds. When compared to pesticide-adapted mites, the pesticide-non-adapted
mites exhibited decreased expression of five genes: FH, MDH1, MDH2, IDH3A, and CS, likely
resulting in the suppression of the TCA cycle upon xenobiotic exposure. These results suggest
that certain genes within the TCA cycle may be selectively sensitive to xenobiotic compounds. In
summary, we have identified potential target genes and enzymes to further investigate how
xenobiotic compounds disturb metabolism.
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Introduction
Type II diabetes mellitus (T2DM) is a chronic metabolic disorder affecting the β-cells of the
pancreas1. Characterized by β-cell failure, hyperglycaemia, and impaired carbohydrate, protein,
and lipid metabolism, T2DM may lead to serious complications such as cardiovascular disease if
left untreated2. Moreover, T2DM is a growing global issue, with a projected increase of 562
million affected individuals by 20401,3.
Lifestyle factors such as sedentary behaviour and excessive sugar and fat consumption are wellknown risk factors associated with T2DM development4. However, there has been a growing
interest in the role of “non-traditional” risk factors such as environmental chemicals, in the
etiology of T2DM4. One such environmental risk factor is pesticide exposure, which may act as a
source of cell stress and has been linked to various metabolic disorders4,5.
Pesticides encompass a variety of foreign, or xenobiotic, compounds that are widely used in the
agricultural industry. With 4 million metric tons of pesticides used worldwide each year, instances
of pesticide exposure are abundant, especially for the many agricultural workers without access
to adequate protective gear. Moreover, excessive pesticide use is common in some countries, as
up to 40% of crop yield losses can be attributed to pests. However, pesticide exposure affects
more than just agricultural workers. For example, nearly 50 million Americans use agriculturepolluted groundwater as their primary drinking source, which demonstrates one way in which
pesticides act as a common environmental pollutant in our everyday lives6.
Upon chronic exposure, pesticides can affect the glucose homeostasis of β-cells by impairing
glucose metabolism4,7. The disruption of β-cell glucose metabolism severely impacts the β-cell’s
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ability to perform its primary role, which is to secrete insulin in a glucose-sensitive fashion. Under
normal physiological conditions, the secretion of insulin is tightly coupled to glucose metabolism.
Essentially, the production of ATP from glucose metabolism closes potassium ion channels and
ultimately results in an influx of calcium, triggering the exocytosis of insulin-containing granules8.
It is the disruption of glucose metabolism and this glucose-stimulated-insulin secretion in β-cells
that defines the T2DM disease phenotype9. Therefore, although glucose metabolism
disturbances are characteristic of β-cell failure and T2DM, the mechanism in which pesticides
disturb these central pathways remain to be under-investigated.
As the final pathways for carbohydrate metabolism, both the TCA cycle and OXPHOS are critical
processes for ATP production and consequent insulin secretion 10,11. To briefly summarize the
relationship between glucose metabolism and the TCA cycle, glucose first enters the β-cell and
undergoes a series of metabolic reactions to produce acetyl-CoA, which is the primary substrate
of the TCA cycle8,12. The TCA cycle is a highly conserved metabolic process that produces the
reducing agents, FADH2 and NADH, that are used for ATP production through oxidative
phosphorylation (OXPHOS). Moreover, it has been recently shown that TCA cycle intermediates
act as important signals for coordinate β-cell function, further emphasizing the importance of the
TCA cycle in mitochondrial metabolism and insulin exocytosis13.
Generally, the TCA cycle exhibits a downregulation in response to stress. Furthermore, this
downregulation can be attributed to the upregulation of pyruvate dehydrogenase kinase-1 (PDK1). PDK-1 indirectly diverts pyruvate away from acetyl-CoA production, greatly reducing TCA cycle
activity14. Thus, although TCA cycle suppression is, in general, a response under cell stress
conditions, we are unsure whether this is also the specific response to xenobiotic stress.
3

Several hypotheses address the relationship between pesticides and β-cell dysfunction. One
hypothesis relies on the evidence that certain pesticides may cause increased intracellular
calcium, affecting ion channel systems4,15. Another explanation may be that pesticides can cause
oxidative stress, which may activate pathways that lead to metabolic dysfunction and β-cell
injury7,16–18. Although xenobiotic compounds have been clearly implicated in metabolic
disturbances, the specific affected metabolic genes and enzymes remain unknown. Given the
importance of complete glucose metabolism for β-cell function, disturbances in the TCA cycle
may contribute to metabolic disruptions and functionally impair β-cells. Therefore, using a model
organism to specifically investigate how the TCA cycle is regulated in response to xenobiotic
stress may further the current understanding of xenobiotic-specific metabolic disturbances.
Ultimately, due to the ubiquitous use of pesticides in our everyday environment and their link to
β-cell dysfunction, identifying the specific pesticide-disturbed metabolic genes and enzymes may
aid in understanding T2DM etiology.
The two-spotted spider mite (Tetranychus urticae) is a common agricultural pest that presents as
a unique model that may reveal valuable insights on this important question. First, the TCA cycle
is highly conserved across organisms, meaning that it would also be likely conserved in the spider
mite, lending to the mite’s use as a representative metabolic model. Secondly, due to the mite’s
ability to rapidly develop resistance to new pesticides, comparisons between pesticidesusceptible and pesticide-resistant mites allow the isolation of xenobiotic stress as the main
factor disturbing metabolism, effectively mitigating the effects of environmental confounds19.
This distinctive property of the spider mite thereby poses as an advantage over other animal
models (e.g., mice models) for studying xenobiotic-linked T2DM14.
4

Objective and Hypothesis
The primary objective of this research was to better understand the metabolic disturbances that
occur in response to acute xenobiotic stress using the spider mite as a model. Besides the
confirmation of TCA cycle conservation within the mite, transcriptomic and metabolomic data
were extracted to investigate metabolic responses to xenobiotics through a series of plant host
transfer experiments. We hypothesized that TCA cycle genes in T. urticae would be differentially
regulated in response to acute xenobiotic stress. Specifically, we predicted that affected genes
would exhibit decreased activity as suppression of the TCA cycle is commonly observed in general
stress responses. In the long term, the TCA cycle genes that are selectively sensitive to
xenobiotics may be gene candidates with putative protective roles, or they may be further
investigated as therapeutic points of intervention in T2DM.
Materials and Methods
BLAST-Based Identification of Mite Orthologs
Bidirectional best hit (BBH) reciprocal BLAST (Basic Local Alignment Search Tool) searches were
performed to find mite orthologues of human TCA cycle enzymes and confirm TCA cycle
conservation in the spider mite (Fig. 1).
First, human amino acid sequences were acquired from the NCBI Protein database and used as
queries in a BLAST search to identify highly similar mite protein sequences20. These BLAST
searches were conducted using the search database Tetur_PEP_LAST in ORCAE (Online Resource
for Community Annotation of Eukaryotes)21. Furthermore, the BLOSUM62 matrix was used to
ensure significant alignment of at least 62% sequence identity22.
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The spider mite protein that exhibited the highest similarity to the human protein sequence was
chosen as the top hit, and its protein sequence was then used as a search query in a secondary
BLAST search within a human search set (Fig. 1). The goal of this search was to confirm that the
mite ortholog would return the original human TCA cycle enzyme as the top hit 23.
Bit scores (measure of sequence similarity), E-values (means to assess the confidence of the bit
score), % identities (proportion of exact amino acid matches), and % similarities (proportion of
amino acid matches including common amino acid substitutions) were recorded as statistics
describing homology22. Likely functional orthologs were identified using an arbitrary maximum
E-value threshold of 1x10-4, with a coverage of at least 50% of the protein sequence24.
Furthermore, the values of all protein alignments were compared to identify outliers.
For proteins that could not be identified directly through ORCAE BLAST 21, FLYBASE was used as
an intermediate database to look for orthologous proteins in mites25. Drosophila served as an
organism bridging the gap between humans and mites due to its similarity to mites as an
arthropod, while paralleling many human biological processes26.
Xenobiotic Stress Modeling
Synthetic pesticides were not used in this study as the source of xenobiotic stress. Instead, acute
xenobiotic stress was modelled through plant host transfer experiments. Plant host transfers
entail exposing the mites to a novel plant host species that consequently present novel
environmental challenges.
Briefly, plants produce a wide array of allelochemicals, or secondary metabolites, that act as
defense compounds (e.g., terpenoids, nitrogenous compounds, and phenols). These defense
6

compounds are released in response to herbivore feeding and are highly toxic upon ingestion,
thereby acting as a biological pesticide6,27. Moreover, the allelochemicals produced are plant
species-specific, meaning that each plant species produces a unique profile of defense
compounds. To further illustrate their pesticidal activity, plant allelochemicals have been recently
included in screening compound libraries for pesticide development6. Therefore, the exposure to
novel plant toxins through plant host transfers were justified as a suitable model for pesticide
exposure in our present study.
Animal Model
The following described experiments were previously conducted, and the transcriptomic and
metabolomic data were mined for our purposes. Because spider mites can adapt to novel plant
hosts, comparisons between naïve mites that have never been exposed to a specific plant
(xenobiotic-non-adapted) and those that have adapted to the plant (xenobiotic-adapted) could
be conducted. By comparing these two groups, we could control for confounds like diet, such
that any metabolic changes observed were due to the xenobiotic challenge (e.g., the new plant
host). In other words, we selected the spider mite as a potential novel model for studying the
effects of xenobiotic exposure on metabolism due to its unique abilities to rapidly adapt upon
xenobiotic stress exposure (e.g., within 25 generations). In both experiments, plant host transfers
were performed using a reference strain of spider mites named “London”. These mites were
adapted to the bean plant (Phaselous vulgaris) as their preferred plant host.
Host Plant Transfer Effects on Gene Expression
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The following transcriptomic analysis was previously conducted by X et. al, where genome-wide
RNA levels were quantitatively examined (Fig. 2). Briefly, female mites were moved from their
preferred bean host to either strawberry (Fragaria x ananassa), tomato (Solanum lycopersicum),
or gorse (Ulex europeus) plants, each of which represented low, moderate, and high xenobiotic
stressors, respectively. These plant host shifts exposed mites to novel and foreign plant toxins,
thereby imposing stressful conditions. Because the toxicity threshold causing differential gene
expression was unknown, it was critical to present plant hosts of varying toxicities. Therefore, we
could ensure identification of the genes most sensitive to transcriptional changes induced by
xenobiotic challenges.
24 hours after these host transfers, three samples of 100 mites per treatment were collected,
frozen in liquid nitrogen, and stored at -80˚C until total RNA was extracted using the RNeasy Mini
Kit (Qiagen, Venlo, Limburg, Netherlands). The RNA samples were sequenced using an Illumina
HiSeq2500 Genome Analyzer (Illumina, San Diego, CA) platform. Then, the analysis of differential
gene expression was conducted using a voom/limma workflow, and additional analyses were
performed using R28.
We retrieved data relevant to the TCA cycle from this existing dataset, listed in Table 2.
Host Plant Transfer Effects on Relative Metabolite Abundance
The following metabolomic analysis experiment was previously conducted by Schulz et. al 29. The
purpose of analyzing metabolomics was to avoid drawing conclusions based solely off
transcriptomic data, as analysis of only one data type may not reflect complete enzyme activity30.
Briefly, spider mites were either maintained on bean plants (non-adapted) or maintained on
8

tomato plants for over 25 generations to allow adaptation to tomato defense compounds
(adapted). Following adaptation, the mites were moved back to the bean and their fitness was
assessed, ensuring the elimination of physiological and acclimation effects (Fig. 3)29.
Subsequently, both adapted and non-adapted mites were moved to tomato plant hosts as a
source of acute xenobiotic stress. The relative metabolite abundance, which describes the net
level of metabolites (e.g., both their production and degradation), was recorded. In observing the
metabolite abundance changes of non-adapted mites, adapted mites were used as the control
group for comparison. Metabolomic analyses of whole mite homogenates and tomato plants
were carried out at 0, 3-, 12-, 24-, and 48-hour time points. Tomato metabolite levels served as
an additional control measure to ensure that the fluctuations in mites were not reflective of their
diet (e.g., plant host metabolite fluctuations)29.
Samples were measured with Reversed Phase Ultra Performance Liquid Chromatography (RPUPLC) coupled to a Thermo-Fisher Exactive mass spectrometer. The spectrometer also consisted
of an Agilent Technologies Gas Chromatography (GC) coupled to a Leco Pegasus HT mass
spectrometer. REFINER MS 10.5 software (GeneData, http://www.genedata.com) was used for
mass spectrometry data extraction, and data were processed and analyzed in R29.
Of the 4563 analytes identified in this experiment, only 4 were found relevant to the TCA cycle
and therefore used for our analysis29.
Statistical Analysis
The data for transcriptomic and metabolomic experiments were processed and analyzed as
previously described by X et. al and Schulz et. al29, respectively. We conducted further one-way
9

ANOVA and post-hoc tests for the relevant metabolomic data in Microsoft Excel31 to compare
relative metabolite abundance of differing time points.
Results
Finding Functional Orthologues with Reciprocal BLAST
One-to-one mite orthologs were found for all proteins except PDHA1 using bidirectional best hit
(BBH) BLAST searches (Table 1). These reciprocal searches between mite and human protein
sequences provided a robust method to confirm likely conserved enzyme function24.
The sequence alignments between the majority of the human and mite TCA cycle proteins: PC,
PDK-1, PDHA2, PDHB, DLAT, DLD, CS, ACO1, ACO2, IDH3A, IDH3B, IDH3G, DLST, OGDH, SUCLG1,
SDHA, SDHB, MDH1, MDH2, and FH revealed high sequence similarity and likely conserved
function, as described by their relatively high bit scores and % similarities with sub-threshold Evalues (< 1x10-4) (Table 1).
The similarity statistics for SUCLA2, SDHC, and SDHD were relatively lower, with % similarities
below 70% (Table 1). Despite the lower % similarities, the bit scores and E-values still indicated
likely homology. Lastly, No PDHA1 ortholog was identified. Instead, the mite ortholog for its
isoform, PDHA2 (tetur04g09090), was returned as the top result for the human PDHA1 protein
sequence.
Based on the low E-values, relatively high bit scores and % similarities, the mite proteins
identified for all TCA cycle enzymes besides PDHA1 were likely functional orthologs, confirming
TCA cycle conservation in the mite.
Transcriptomic Analysis
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Data from a previously performed transcriptomic analysis of whole mites were extracted to
investigate metabolic changes within the TCA cycle upon acute xenobiotic exposure. In both
tomato and gorse treatments, numerous enzymes of the TCA cycle were downregulated in
response to acute xenobiotic stress.
The number of differentially regulated genes increased correspondingly with increased
xenobiotic stress. Of the 24 genes identified through RNAseq, none exhibited significant foldchanges in response to low xenobiotic stress (strawberry), 5 exhibited significant fold-changes in
response to moderate xenobiotic stress (tomatoes), and 17 exhibited significant fold-changes in
response to high xenobiotic stress (gorse) compared to expression on bean plants (Table 2).
The expression of CS (citrate synthase), ACO1 (aconitase), ACO2 (aconitase), IDH3A (isocitrate
dehydrogenase), MDH2 (malate dehydrogenase), and FH (fumarate hydratase) exhibited
decreases of >0.3-fold when exposed to moderate xenobiotic stress (Table 2, Fig. 4a) (p < 0.05),
while expression levels remained stable for all other TCA cycle genes.
When exposed to high xenobiotic stress, the expression of most TCA cycle genes — including the
genes that exhibited fold changes under moderate xenobiotic stress, exhibited significant
decreases ranging from -0.2- to -1.1-fold (Table 2, Fig. 4b) (p < 0.05). Furthermore, besides FH
and IDH3A, the genes that were also affected by moderate xenobiotic stress experienced even
greater decreases in expression when exposed to gorse. In the opposite direction, the expression
of PDK-1, which encodes an enzyme that generally downregulates the TCA cycle, significantly
increased >0.2-fold in response to high stress conditions (Table 2, Fig. 4b) (p < 0.05). Of note, the
gene ACO1 (encodes a subunit of aconitase) exhibited the greatest expression decreases in both
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moderate and high stress conditions, with an approximate 0.6-fold difference from all values
observed in other genes (Table 2).
Metabolomic Analysis
As enzyme activity may be affected post-transcriptionally, metabolomic data were analyzed to
corroborate the gene expression findings and better describe TCA cycle activity. The relative
abundance of the metabolites α-ketoglutarate, citrate, fumarate, and malate in whole mites was
assessed at 0-, 3-, 12-, 24-, and 48-hour time points during xenobiotic stress exposure from
tomato plants.
In line with the downregulation observed in the gene expression data, the relative abundance of
all four metabolites significantly decreased in response to xenobiotic stress in non-adapted mites
(Fig. 5) (analysis of variance (ANOVA), p < 0.05). α-ketoglutarate and fumarate exhibited
significantly large decreases in metabolite abundance over 48 hours, with fumarate experiencing
the largest decrease (Fig. 5a and c). The relative abundance of malate decreased significantly at
the 12-hour time point but returned to its initial abundance by the 24-hour time point (Fig. 5d).
This abundance recovery within the timeframe of acute xenobiotic exposure was unique to
malate. Lastly, citrate exhibited the smallest decrease in abundance (Fig. 5a).
In adapted mites, the relative metabolite abundance of all four metabolites remained stable over
the 48 hours of xenobiotic exposure as expected (Fig. 5) (p > 0.05). Similarly, the relative
metabolite abundance in host tomato plants remained stable over all conditions at all time points
(Fig. 6) (p > 0.05). This result validated that the fluctuations observed in non-adapted mites were
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not due to the ingestion of tomato plants that were exhibiting their own confounding flux
changes.
Discussion
The present study provided a comprehensive overview of the spider mite as a novel organism for
studying the effects of xenobiotic exposure on metabolism. Furthermore, these results may build
a foundation for future studies regarding the metabolic mechanisms underlying pesticide linked
T2DM, which is a topic that remains to be understudied despite the prevalence of pesticide
exposure in our everyday environment.
First, the ortholog search successfully confirmed the conservation of the TCA cycle in the spider
mite. Although several mite protein subunits displayed relatively lower sequence similarity to the
human proteins, the functions of their protein complexes were still likely conserved. Because,
when a set of proteins involved in a particular biological process , such as the TCA cycle, is mostly
present in an organism, there is a high likelihood that the associated subunits are also similar32.
Likewise, the absence of a PDHA1 mite ortholog was likely not indicative of a missing step in the
mite TCA cycle. As PDHA2 and PDHA1 are the testis-specific and somatic isoforms in humans,
respectively, the presence of a PDHA2 mite ortholog was likely sufficient evidence that the
enzymatic step catalyzed by PDH still occurs in the spider mite33.
The analysis of transcriptomic and metabolomic data revealed that the TCA cycle was
downregulated in response to acute xenobiotic stress in the mite. In support of this finding, nonadapted mites exhibited an increased number of affected metabolic genes when exposed to
increasingly toxic plant hosts. Because no gene expression changes were observed under low
13

xenobiotic stress, while nearly all the genes displayed expression changes under high xenobiotic
stress, focusing the analysis on changes induced by the moderate stress condition (tomato) was
deemed the most informative in understanding xenobiotic-specific responses. Specifically, the
genes that underwent changes in response to the moderate stressor were more likely to be the
most sensitive to the effects of xenobiotic compounds.
Previous literature investigating metabolic disruptions in the β-cells of generally diabetic mice
(not induced by xenobiotic compounds) found the significant downregulation of all TCA cycle
enzymes except α-ketoglutarate dehydrogenase14. In contrast, we observed the downregulation
of only five TCA cycle genes. Additionally, the genes Fh (fumarate hydratase) and Idh3b/Idh2
(isocitrate dehydrogenase subunits) were the most transcriptionally downregulated in mice14. In
comparison, we observed that aconitase (ACO1) was the most transcriptionally downregulated
gene in mites.
Aconitase catalyzes the citrate to isocitrate reaction, a critical step in the TCA cycle34. Therefore,
this downregulation would greatly affect metabolism. However, the significance of why aconitase
is specifically targeted should be investigated further, as it is not a rate-limiting enzyme of the
TCA cycle. Moreover, it should be noted that this finding is solely based on transcriptomic data,
as complete metabolite data was unavailable. To fully understand the activity of aconitase, the
abundance of its substrate, citrate, and its product, isocitrate, must both be considered. However,
only citrate metabolite data was available in this present study.
If aconitase activity was truly decreased at the enzymatic level, we would expect an accumulation
of its substrate, citrate, or a decrease of its product, isocitrate35. From the available citrate
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abundance data, a decrease was seen in response to xenobiotic stress, contrary to these
expectations. One explanation for this result could likely be the downregulated expression of CS
(citrate synthase: the enzyme producing citrate), resulting in decreased citrate production in
response to acute xenobiotic stress. If the downregulation of aconitase activity can be confirmed
in the future, it may be a potential candidate of xenobiotic compound targeting.
Interestingly, aconitase has been identified as a target of oxidative damage in the process of
aging34. Given that organophosphorus pesticides can cause oxidative damage36, future proteomic
studies could investigate whether these pesticides may cause damage and accumulation of
specific proteins like aconitase, and whether this may lead to metabolic disturbances.
Besides aconitase, genes encoding for the subunits of isocitrate dehydrogenase, citrate synthase,
malate dehydrogenase, and fumarate hydratase also appeared to be selectively sensitive to
xenobiotic compounds. However, compared with aconitase, the fold changes for these genes
were notably lower.
First, the rate-limiting enzyme isocitrate dehydrogenase (IDH) was sensitive to downregulation
in moderate xenobiotic stress conditions. Similarly, the downregulation of IDH has been
previously noted in diabetic mice, which may indicate that this enzyme is a common point of
metabolic disruption under cell stress14. Being rate-limiting, the downregulation of isocitrate
dehydrogenase would profoundly reduce TCA cycle activity and the consequent production of
reducing agents used for ATP production37. Notably, the fold-changes of IDH3A were identical
under moderate and high stress. This finding may indicate a possible threshold cut-off for the
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rate-limiting enzyme, where only a certain level of reduced activity may be tolerated before
metabolism is severely compromised.
In addition to the downregulation of enzymes that are central to TCA cycle reactions, pyruvate
dehydrogenase kinase-1 (PDK-1), which is an enzyme that indirectly downregulates the TCA cycle,
also exhibited slightly increased expression levels upon xenobiotic stress, which may have
contributed to the observed suppression of the TCA cycle38. Our results were similar to the
diabetic response previously seen in mice, where PDK-1 transcript levels also increased, albeit to
a higher extent (5.5-fold compared to 0.24-fold in our current study)14,39. Despite this finding, it
must be noted that the increased PDK-1 transcript level in mites was only observed in the high
xenobiotic stress condition, which clouds the biological relevance of this result. Mainly, responses
to extreme xenobiotic stress levels are expected and may reflect a more general stress response,
as opposed to a xenobiotic-specific response. Therefore, PDK-1 upregulation may not be a key
metabolic change that is specific to xenobiotic stress, contrary to our previous predictions.
However, without metabolite data to corroborate, this finding remains to be validated.
One notable finding of the metabolomic analysis was the unexpected recovery of malate
abundance between the 12h and 24h time points. When compared to the gene expression of FH
(fumarate hydratase: enzyme that produces malate) at the 24h time point, an unexpected
decreased fold change was present, which contradicted the increase in relative malate
abundance. This increase in relative malate could be explained by the decreased expression of
MDH (malate dehydrogenase), which uses malate as a substrate. Indeed, MDH1 and MDH2
exhibited larger decreases in expression compared to FH at 24 h. This finding demonstrates that
in addition to the targeted sensitivity of certain genes, mite responses to novel xenobiotic
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challenges may be dynamic and change over time. In support of this hypothesis, changes in gene
expression patterns over time have been previously observed in mite pesticide-exposure
studies40. Therefore, future investigations of gene expression changes at more diverse time
points may provide an enhanced understanding of the timeline over which specific changes occur.
To summarize our findings, five TCA cycle genes (ACO1, CS, MDH2, IDH3A, FH) appeared to
display selective sensitivity to xenobiotic compounds, which likely contribute to decreased TCA
cycle activity. This selective sensitivity supports our prediction that the TCA cycle may be a target
of xenobiotic-induced changes that disrupts overall mitochondrial metabolism. Suppression of
the TCA cycle is a well-documented phenomenon that occurs under stressful conditions. For
example, in mites subjected to unfavourable growing conditions, decreased TCA cycle activity
may contribute to energy conservation41. Moreover, the substrates previously destined for the
TCA cycle are diverted to the pentose phosphate pathway (PPP) to produce molecules that are
useful towards coping with environmental challenges. Therefore, two explanations for TCA cycle
suppression could be: its suppression as a mechanism for energy conservation under xenobiotic
stress, and its suppression as a result of diverting TCA cycle intermediates into the PPP and transsulfuration pathway to produce detoxifying compounds that can help cope with acute xenobiotic
stress41.
To discuss the generalizability of plant host shift transfer to pesticide exposure, the nature of
plant defense systems should be addressed. Due to the co-evolution of plants and herbivores,
plants have evolved to produce highly specialized and species-specific defence compounds42.
Accordingly, the exposure to different plant hosts and their species-specific compounds may be
expected to elicit distinct responses in mites42. However, in the present study, the same genes
17

seemed to be affected in both the tomato and gorse treatments, which could indicate a general
response to foreign toxicants. This theory is supported by previous studies that have observed a
general transcriptional response (e.g., the upregulation of genes that encode detoxifying
enzymes) to diverse pesticide classes in spider mites. Thus, despite the differences between plant
allelochemicals and pesticides, the suggestion of a general response to toxicants could support
the generalizability of these plant host transfer findings7,16,43.
This work aims to provide the foundation for future knockdown studies of selectively targeted
genes to understand the effects of TCA cycle downregulation in the context of diabetic β-cells.
The preliminary identification of five TCA cycle genes that may be sensitive to xenobiotics
provides a starting point for these investigations. However, further studies must confirm the
validity of these proposed gene and enzyme modifications and investigate the phenotypes that
arise from these modifications. These novel insights may highlight metabolic targets of interest
or points-of-intervention to investigate regarding β-cell metabolic disturbances.
Although promising trends were found, we should note two important limitations of this study.
First, whole mite homogenates were used for both the transcriptomic and metabolomic analyses,
which may have attenuated the true effect size of xenobiotic stress on gene expression and
metabolite levels. For example, the gene expression fold-changes that were observed in the mite
transcriptomic analysis were generally much lower than the previously reported fold changes of
genes in diabetic mice14. Because xenobiotic compounds primarily affect the stomachs of the
mites through feeding, the inclusion of whole mite tissues may have decreased the specificity of
the data. Despite this apparent limitation, this attenuation effect could be viewed as an indirect
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strengthening of our findings. Mainly, if significant changes still occurred despite these
attenuations, then these responses may be truly biologically significant.
The second caveat was the limited available metabolite data due to the remote nature of this
study, as transcriptomic data alone may not be completely indicative of enzymatic activity. Posttranslational modifications play key roles in enzyme activity control30. Relatedly, many plant
toxins affect herbivore fitness by altering protein activity, illustrating the importance of
proteomic analysis in addressing this research question30. The integration of more complete
metabolomic and proteomic data would be critical in building a more well-rounded
understanding of xenobiotic-specific response patterns.
Conclusions
Our results provide unprecedented insights about the specific TCA cycle enzymes affected by
xenobiotic stress. These findings support our initial prediction that even central metabolic
pathways like the TCA cycle undergo alterations in response to acute xenobiotic stress. Despite
these preliminary results, caution must be heeded regarding causative explanations, as complete
metabolite data were largely unavailable. In the future, more comprehensive “omics” studies
may help validate the findings presented here. The present overview of spider mite metabolism
highlighted the benefits of the mite as a model organism for isolating xenobiotic-specific
responses. Upon the validation of pesticide targeted genes, future investigations that replicate
these findings in higher organisms could reveal valuable interactions between pesticide exposure
and metabolic disturbances within diabetic pancreatic β-cells. These studies may then provide a
foundation for the development of targeted pesticide linked T2DM treatments.
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Figures and Tables

Figure 1. Example of a reciprocal BLAST search to find functional mite orthologs of human TCA cycle enzymes
(pictured here is citrate synthase). (A) The human amino acid sequence was acquired from NCBI and (B) this
sequence was entered as a query into the ORCAE (spider mite) database to find a putative mite ortholog. (C) The top
hit for the gene was selected from the ORCAE BLAST result and (D) the spider mite amino acid sequence was acquired.
(E) The mite amino acid sequence was then entered as a query back into another Protein BLAST within a human
search set (NCBI) to (F) confirm that the mite orthologue returned the original human enzyme (citrate synthase) as
the top hit. This bidirectional best hit (BBH) method ensured that the two genes were likely functional orthologs.

Table 1. List of human TCA cycle enzymes with their respective genes and mite orthologs. The reciprocal BLAST
statistics of bit score, E-value, % identity, and % similarity describe the similarity between the amino acid sequences
of the mite and human orthologs.
Reciprocal BLAST Results
Protein

Human
Gene

Mite Gene

Bit Score

E value

% Identity

% Similarity

Pyruvate carboxylase

PC

tetur05g04260

1626 bits

0.0 *

66.52%

81%

Pyruvate dehydrogenase kinase 1

PDK-1

tetur11g03710
(putative)

108

2e-29 *

57%

72%
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Pyruvate dehydrogenase E1 subunit
alpha 1

PDHA1

No orthologue
found.

Pyruvate dehydrogenase E1 subunit
alpha 2

PDHA2

tetur04g09090

465 bits

4e-163 *

59.78%

73%

Pyruvate dehydrogenase E1 subunit
beta

PDHB

tetur01g02450

526 bits

0.0 *

71.34%

88%

Dihydrolipoamide-S-acetyltransferase

DLAT

tetur11g02780

482 bits

3e-166 *

56%

71%

Dihydrolipoamide dehydrogenase

DLD

tetur10g03230

711 bits

0.0 *

72%

82%

Citrate synthase

CS

tetur01g06960

662 bits

0.0 *

69%

83%

Aconitase 1

ACO1

tetur02g09460

1264 bits

0.0 *

66%

80%

Aconitase 2

ACO2

tetur13g01190

1161 bits

0.0 *

71%

82%

Isocitrate dehydrogenase (NAD (+)) 3
catalytic subunit alpha

IDH3A

tetur12g00780

509 bits

0.0 *

75%

85%

Isocitrate dehydrogenase (NAD(+)) 3
non-catalytic subunit beta

IDH3B

tetur13g01460

488 bits

1e-156 *

65%

79%

Isocitrate dehydrogenase (NAD(+)) 3
non-catalytic subunit gamma

IDH3G

tetur08g03960

412 bits

4e-142 *

59%

79%

Dihydrolipoamide Ssuccinyltransferase

DLST

tetur08g00510

481 bits

2e-167 *

64%

76%

Oxoglutarate dehydrogenase

OGDH

tetur01g13490

1295 bits

0.0 *

64%

77%

Succinate-CoA Ligase Beta Subunit

SUCLA2

tetur03g02660

372 bits

3e-125 *

53%

68%

Succinate-CoA Ligase Alpha Subunit

SUCLG1

tetur01g06160

425 bits

4e-149 *

75%

86%

Succinate Dehydrogenase Complex
Flavoprotein Subunit A

SDHA

tetur08g03210

998 bits

0.0 *

75%

85%

Succinate Dehydrogenase Complex
Iron Sulfur Subunit B

SDHB

tetur01g15710

408 bits

1e-143 *

68%

83%

Succinate Dehydrogenase Complex
Subunit C

SDHC

tetur30g00210

84.7 bits

5e-20 *

39%

52%

Succinate Dehydrogenase Complex
Subunit D

SDHD

tetur20g00790

83.6 bits

1e-19 *

43%

61%

Malate dehydrogenase cytoplasmic
isoform

MDH1

tetur12g04290

371 bits

6e-128 *

58%

71%

Malate dehydrogenase 2

MDH2

tetur18g01070

459 bits

5e-163 *

71%

85%

Fumarate hydratase

FH

tetur19g01980

658 bits

0.0 *

67%

79%

Note: * indicates a significant E-value. E-values less than 10-4 may be considered significant, according to previous
studies22.
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Figure 2. Design of the data-generating experiment for transcriptomic analysis previously conducted by X et al.,
where the data collected were mined for our purposes.

Figure 3. Design of the data-generating experiment for the metabolomic analysis, previously conducted by Schulz et
al29, where the data collected were mined for our purposes..
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Table 2. Relative gene expression fold changes of spider mite TCA cycle genes in response to acute xenobiotic stress.
Spider mites adapted to bean plants (control) were moved to moderate xenobiotically challenging plants (tomato)
and highly xenobiotically challenging plants (ulex). Fold changes refer to RNA levels of mites exposed to xenobiotic
stress relative to RNA levels under the controlled condition. P-values are listed to the right of fold changes. Significant
gene downregulation is denoted by blue shading, and significant gene upregulation is denoted by red shading.
Strawberry
Human Gene

Tomato

Gorse

Mite Gene

Fold Change

P-value

Fold Change

P-Value

Fold Change

P-Value

PC

tetur05g04260

-0.60

1

-0.10

0.93

-0.16

0.23

PDK-1

tetur11g03710

-0.38

1

0.54

0.16

0.24

0.02 *

PDHA2

tetur04g09090

-0.05

1

-0.23

0.20

-0.57

8.15e-15 *

PDHB

tetur01g02450

0.02

1

-0.19

0.46

-0.42

1.11e-08 *

DLAT

tetur11g02780

0.11

1

-0.15

0.55

-0.41

2.71e-09 *

DLD

tetur10g03230

-0.01

1

-0.19

0.37

-0.53

2.25e-13 *

CS

tetur01g06960

0.11

1

-0.35

0.01 *

-0.60

1.53e-19 *

ACO1

tetur02g09460

0.13

1

-0.92

0.007 *

-1.14

1.89e-41 *

ACO2

tetur13g01190

-0.21

1

-0.05

1

0.04

0.84

IDH3A

tetur12g00780

0.02

1

-0.35

0.01 *

-0.32

9.26e-05 *

IDH3B

tetur13g01460

0.19

1

-0.05

1

-0.16

0.11

IDH3G

tetur08g03960

0.02

1

0.00

1

-0.10

0.27

DLST

tetur08g00510

-0.02

1

-0.19

0.36

-0.32

3.76e-05 *

OGDH

tetur01g13490

-0.16

1

-0.13

0.71

-0.30

0.0004 *

SUCLA2

tetur03g02660

-0.31

1

-0.18

1

-0.03

0.94

SUCLG1

tetur01g06160

0.03

1

-0.29

1

-0.25

0.001 *

SDHA

tetur08g03210

-0.06

1

-0.20

1

-0.20

0.008 *

SDHB

tetur01g15710

-0.17

1

-0.02

1

0.08

0.44

SDHC

tetur30g00210

-0.05

1

-0.18

1

-0.19

0.03 *

SDHD

tetur20g00790

0.10

1

-0.09

1

-0.12

0.16

MDH1

tetur12g04290

0.38

1

0.04

1

-0.36

7.54e-06 *

MDH2

tetur18g01070

0.27

1

-0.49

0.0002 *

-0.66

1.78e-22 *

FH

tetur19g01980

-0.12

1

-0.30

0.03 *

-0.24

0.0008 *

Note: * denotes significance (p < 0.05)
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Figure 4. Spider mite gene expression changes in response to (A) a moderately xenobiotically challenging plant host
(tomato) and (B) a highly xenobiotically challenging plant host (gorse) mapped on the TCA cycle. TCA cycle enzymes
are listed with the corresponding mite genes underneath, and blue and red labeling indicates significant down- and
up-regulation, respectively.
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Figure 5. Mean relative metabolite abundance in T. urticae in response to acute xenobiotic stress (exposure to
allelochemicals of tomato plants). Light green bars represent non-adapted mites (mites that have not developed
resistance to tomato plant allelochemicals) and dark green bars represent adapted mites (mites maintained on
tomato plants for >25 generations to develop resistance to tomato allelochemicals). Error bars are SD. Letters denote
significant differences (p < 0.05) in relative metabolite abundance between time points, as determined by one-way
ANOVA and post-hoc t tests.
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Figure 6. Mean relative metabolite abundance in tomato plants when exposed to adapted (dark blue bars) and nonadapted (light blue bars) spider mites. The non-adapted mites were maintained on bean plants and have not
developed resistance to tomato plant allelochemicals. The adapted mites were maintained on tomato plants for >25
generations to develop resistance to the plant’s defence chemicals. Error bars are SD. There were no significant
differences (p > 0.05) between time points or between plants exposed to non-adapted compared to adapted mites,
as determined by one-way ANOVA and post-hoc tests.
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